FUN14 domain-containing protein 1 (Fundc1)-dependent mitophagy, mainly activated by ischemic/hypoxic preconditioning, benefits acute myocardial reperfusion injury and chronic metabolic syndrome via sustaining mitochondrial homeostasis. Mitochondrial fission plays a pathogenic role in ischemic acute kidney injury (AKI) through perturbation of mitochondrial quality and activation of mitochondrial apoptosis. The aim of our study was to explore the role of Fundc1 mitophagy in ischemia preconditioning (IPC)-mediated renoprotection. Proximal tubule-specific Fundc1 knockout (Fundc1 PTKO ) mice were subjected to ischemia reperfusion injury (IRI) and IPC prior to assessment of renal function, mitophagy, mitochondrial quality control, and Drp1-related mitochondrial fission. Following exposure to IPC, Fundc1 mitophagy was activated through post-transcriptional phosphorylation at Ser17. Interestingly, IRI-mediated renal injury, inflammation, and tubule cell death were mitigated by IPC whereas proximal tubule-specific Fundc1 knockout (Fundc1PTKO) mice abolished IPC-offered renoprotection. Mechanistically, IRI-evoked mitochondrial damage was improved by IPC whereas Fundc1 deficiency provoked mitochondrial abnormality, manifested by impaired mitochondrial quality and hyperactivated Drp1-dependent mitochondrial fission. Interestingly, Fundc1 deficiency-associated mitochondrial dysfunction was reversed by pharmacological inhibition of mitochondrial fission. In vivo, Fundc1 deletion-caused renal injury, severe pro-inflammatory response, and tubule cell death could be nullified by way of knockout Drp1 on Fundc1PTKO background. Finally, we also revealed that IPC triggered Fundc1 mitophagy activation through UNC-51-like kinase 1 (Ulk1) and Ulk1 ablation interrupted IPC-mediated Fundc1 activation and thus attenuated IPC-induced renoprotection. Fundc1 mitophagy, primarily driven by IPC, confers resistance to AKI through reconciliation of mitochondrial fission, implicating the therapeutic potential of targeting mitochondrial homeostasis for AKI.
Introduction
Acute kidney injury (AKI) often develops in renal ischemia-reperfusion injury (IRI), sepsis and nephrotoxicity. Ample evidence has indicated that overt renal tubular cell injury predisposes AKI via intrinsic and/or extrinsic programmed cell death (PCD) [1] , which is tightly associated with changes in mitochondrial function [2] . One of the key adaptive responses of mitochondria to various stress insults is the activation of mitophagy, a cellular process that promptly and selectively clears long-lived or damaged mitochondria in an autophagosome-dependent manner [3] . Molecular examination reveals that mitophagy is mainly under the regulation of receptor-independent [4] or -dependent mechanisms [5] . The former is well known as PINK1/ Parkin-induced mitophagy with its beneficial role in renoprotective action documented recently [6] . FUN14 domain-containing protein 1 (Fundc1) is a novel mitophagy receptor and governs mitochondrial turnover through direct interaction with LC3 [7] . Fundc1 mitophagy is activated by hypoxia preconditioning through post-transcriptional phosphorylation at Ser17 [8, 9] . Our previous studies indicated that proper activation of Fundc1 mitophagy is vital for not only maintenance of mitochondrial performance but also cell/organ homeostasis in myocardial IRI [4] , microvascular reperfusion defects [10] 
Animal
Fundc1fl/fl mice have been described by our previous studies [4, 11] . KapCre mice (Stock No: 008781) and Ulk1fl/fl mice (Stock No: 017976) were obtained from the Jackson Laboratory. Drp1fl/fl mice were generated as previously described [15] . The renal proximal tubule-conditional Fundc1 knockout (Fundc1PTKO), Drp1 knockout (Drp1PTKO) and Ulk1 knockout (Ulk1PTKO) mice were created by breeding KapCre mice with Fundc1fl/fl, Drp1fl/fl mice, and Ulk1fl/fl mice, respectively. Besides, Fundc1PTKO mice crossed with Drp1fl/fl mice to obtain renal proximal tubule-conditional Fundc1-Drp1 double knockout mice (Fundc1-Drp1PTKO mice; Fundc1fl/fl, Drp1fl/fl, KapCre). All mice were crossed on a C57BL/6 background for at least three generations. All animal experiments were conducted in accordance with a protocol approved by the Animal Institutional Care and Use Committees at the University of Wyoming and Chinese PLA General Hospital.
Renal IRI and IPC models in vivo
Renal ischemia AKI was induced using the ischemia reperfusion injury (IRI) model (eight-week-old male mice, n = 6/group). In brief, following treatment with buprenorphine (0.075 mg/kg body wt) and tribromoethanol (250 mg/kg body wt), renal pedicles were exposed by flank incisions for bilateral clamping to induce 30 min ischemia followed by 24 h reperfusion. Sham-operated group received the same operation with the exception of vessel clamping. To induce IPC, mice were anesthetized with 1%-3% isoflurane through inhalation (Baxter, Deerfield, IL) and then bilateral renal vessels were cross-clamped for 15-min to produce ischemia, followed by 1-h reperfusion to induce renal IPC model according to the previous studies [2, 6] . After 30 min of recovery, IPC-treated mice were subjected to IRI. A graphic explanation of the surgery procedure is illustrated in Supplemental Fig. 1A . Renal tissues and blood samples were collected 1 h after IRI. BUN ELISA kit (MBS751125) and Creatinine (Cr) ELISA Kit (MBS2540563), purchased from MyBioSource, Inc., were used to detect the levels of BUN and Cr after IRI. Cell-permeable Z-IETD-FMK (Abcam; ab141382, 100 μM), Z-ATAD-FMK (Abcam; ab141383, 10 μM), Z-LEHD-FMK (Selleck Chemicals, Houston, TX, USA; No. S7313, 50 μM), and Z-VAD-FMK (Selleck Chemicals, Houston, TX, USA; No. S7023, 20 μM) were first dissolved in DMSO and then diluted in PBS (the final concentration of DMSO in the solution injected into animals was < 1%). To block the activity of caspase-8, caspase-12, and caspase-9, mice were intraperitoneally injected with Z-IETD-FMK, Z-ATAD-FMK, and Z-LEHD-FMK, respectively, 24 h before IRI, according to previously reported protocols [19, 20] .
Histopathology and immunohistochemistry
Following IRI procedures, mice were humanely euthanized, and samples of mouse kidneys were collected. Tissues were fixed with formalin and were then embedded in paraffin. Sections were prepared for hematoxylin and eosin (H&E) staining and tubular injury index was determined as previously reported. In addition, sections (3-4 μm thickness) were deparaffinized, rehydrated by serial immersions in ethanol, blocked with a peroxidase blocking solution for 5 min [21] . Primary antibody (Fundc1, 1:250, #ab224722, Abcam) was used to incubate with sections followed by subsequent staining with a biotinlinked secondary antibody prior to streptavidin (Dako Cytomation, K3461) treatment. Slides were then treated with an AEC solution for 10 min at room temperature and images were acquired using an Axioskop 40 microscope (Zeiss, Oberkochen, Germany).
Cellular isolation and mimicked IRI model in vitro
Primary tubule cells were isolated from the above gene-knockout mice according to the previous studies [22] . Then, these "normal" tubule cells were cultured in complete DMEM medium with 10% FBS for 1-3 days and then subjected to mimicked IPC (mIPC) and/or mimicked IRI (mIRI) in vitro. The mimicked IRI (mIRI) was induced through incubating isolated normal tubule cells with 10 mM rotenone in glucosefree DMEM for 3-h followed by 3-h full culture medium incubation with 10% FBS at 37°C/5% CO2. The mIPC was induced via 30-min rotenone treatment followed by 30-min recovery in fresh culture medium with 10% FBS at 37°C/5% CO2. To inhibit the activity of lysosome-mediated protein degradation and ubiquitin-proteasome system, tubule cells were pre-treated with bafilomycin A1 (Selleck Chemicals, Houston, TX, USA; No. S1413, 0.1 μM) and MG132 (Selleck Chemicals, Houston, TX, USA; No. S2619, 30 μM) 4 h before mIRI in vitro. Besides, Mdivi-1 (Selleck Chemicals, Houston, TX, USA; No. S7162, 5 μM), an inhibitor of mitochondrial division, was used to incubated with tubule cells 2 h before mIRI to suppress excessive mitochondrial fission [23] . To block the activity of caspase-3, caspase-8, caspase-12, and caspase-9, tubule cells were treated with Z-VAD-FMK (Selleck Chemicals, Houston, TX, USA; No. S7023, 20 μM), Z-IETD-FMK (Abcam; ab141382, 100 μM), Z-ATAD-FMK (Abcam; ab141383, 10 μM), and Z-LEHD-FMK (Selleck Chemicals, Houston, TX, USA; No. S7313, 50 μM), respectively, for 2 h prior to mIRI in vitro.
TUNEL staining and cell viability assay
Paraffin-embedded sections were stained using the In Situ Cell Death Detection Kit (Sigma-Aldrich) following the manufacturer's instructions. Briefly, 4-μm kidney sections were deparaffinized and rehydrated. Then, sections were incubated with a TUNEL reagent mixture for 30 min at room temperature, and were rinsed with PBS three times, 5 min each. Nuclei were stained with DAPI [24] . Sections were visualized under a Leica TCS SP5 II microscope and apoptotic areas were quantified in 15 independent fields. Percentage of stained area was calculated using the Image J software. Besides, cellular viability was determined using the MTT and LDH release assays (Beyotime, China), as our previously described [25] .
Caspase activity assay
To assess caspase activity, caspase commercial kits (Beyotime Institute of Biotechnology, China) were used according to the manufacturer's protocol. In brief, for caspase-9 activity assay, 5 μl of Ac-LEHD-pNA (Beyotime, #P9728, 200 μM) was added to samples for 45 min at 37°C. For caspase-8 activity assay, 5 μl of Ac-IETD-pNA (Beyotime, #P9723, 0.2 mM) was used to incubate with samples for 1 h at 37°C/5% CO 2 in the dark. Caspase-3 activity was determined through incubation of Ac-DEVD-pNA (Beyotime, #P9710, 0.2 mM) with samples for 1 h at 37°C/5% CO 2 in the dark. Then, absorbance was recorded at 405 nm to reflect caspase-3/8/9 activities [26] . Caspase-12 activity was determined using a Caspase-12 Fluorometric Assay Kit (BioVision, #K139). In brief, 5 μl of the ATAD-AFC substrate (50 μM final concentration) was incubated with samples for 1 h at 37°C/5% CO 2 in the dark. Then, absorbance was evaluated at 505 nm using a microplate reader (Epoch 2; BioTek Instruments, Inc., Winooski, VT, USA).
Immunoblot analysis and co-immunoprecipitation
Kidney cortex and primary tubule cells were harvested and lysed with a RIPA lysis buffer (Beyotime) including phosphatase and protease cocktail (Biotool). Protein lysates were prepared and centrifuged at 12,000 rpm at 4°C for 10 min to remove insoluble materials. Protein concentration was determined using a BCA protein assay kit (Bestbio) [27] . An equivalent quantity of protein was mixed with an SDS-PAGE loading buffer (Beyotime) and was subjected to SDS-PAGE. The separated proteins were transferred onto PVDF membranes and probed with primary antibody and an appropriate peroxidase-conjugated secondary antibody. Bands were visualized using a Western-Light chemiluminescent detection system (Image Station 4000 MM Pro, XLS180, Kodak, USA). p-FUNDC1 (1:500) and t-FUNDC1 (1:1000) poly-clonal antibodies were produced by immunizing rabbits with synthesized and purified phosphorylated and nonphosphorylated peptides from FUNDC1 (Abgent, SuZhou, China) according to our previous studies [4] . The primary antibodies used in the present study was as follows: Ulk1 (Abcam, #ab167139, 1:1000), Drp1 (Abcam, #ab184247, 1:1000), Tom20 (Abcam, #ab186734, 1:1000), VDAC1 (Abcam, #ab15895, 1:1000), GAPDH (Abcam, #ab181602, 1:1000), LC3II (Cell Signaling Technology, #12513, 1:1000), p62 (Cell Signaling Technology, #5114, 1:1000), LC3I/II (Cell Signaling Technology, #13118, 1:1000), Kim1 (MyBioSource, # MBS2006453, 1:1000), Tim23 (Santa Cruz Biotechnology, #sc-514463, 1:1000), Parkin, (Santa Cruz Biotechnology, #sc-32282, 1:1000), Bnip3 (Abcam, #ab10433, 1:1000), p-Drp1 S616 (MyBioSource, #MBS9386761, 1:1000).
Protein interaction was estimated using a Co-Immunoprecipitation Kit (Pierce, 26149) as our previously described [25, 28] . Briefly, proteins from samples were cross-linked in 1% paraformaldehyde followed by rinsing in PBS containing 100 mmol/L glycine. Samples were then lysed by sonication in PBS with 1% Triton X-100 and were incubated with respective antibodies and protein A/G agarose. Bands were visualized using a Western-Light chemiluminescent detection system (Image Station 4000 MM Pro, XLS180, Kodak, USA) [29] .
qPCR for gene expression
RNA was isolated using a RNeasy Mini Kit (Qiagen #74104) according to the manufacturer's instructions. Reverse transcription was performed with the Verso cDNA synthesis kit (Thermo Fisher Scientific/ Invitrogen Life Sciences) per instruction from the supplier [30] . Quantitative PCR was performed using SYBR Green supermix (Bio-Rad #1725120). mRNA levels were measured using real-time quantitative PCR (qPCR) with an ABI 7900 HT cycler (Thermo Fisher, MA, US). The qPCR primers were as follows: Ccl2, forward primer 5′-GTTGGCTCAG CCAGATGCA-3′ and reverse primer 5′-AGCCTACTCATTGGGATCATC TTG-3′; IL6, forward primer 5′-TGGCTAAGGACCAAGACCATCCAA -3′ and reverse primer 5′-AACGCACTAGGTTTGCCGAGTAGA-3′; Drp1, forward primer 5′-TAGTGGGCAGGGACCTTCTT-3′ and reverse primer 5′-TGCTTCAACTCCATTTTCTTCTCC-3′; Mff, forward primer 5′-AAGT GGCTCTCACCCTAGCA-3′ and reverse primer 5′-TGCCCCACTCACCAA ATGT-3′; Fis1, forward primer 5′-CAAGGAACTGGAGCGGCTCATTA-3′ and reverse primer 5′-GGACACAGCAAGTCCGATGAGT-3′; Mid49, forward primer 5′-TGTGGTGGACTTCCTCTTGGC-3′ and reverse primer 5′-GAGAATGAATGGGCGTGGG-3′; Mid51, forward primer 5′-AGGATG ACAATGGCATTGGC-3′ and reverse primer 5′-CCGATCGTACATCCGCT TAAC-3′; GAPDH, forward primer 5′-ACGGCAAATTCAACGGCACAG TCA-3′ and reverse primer 5′-TGGGGGCATCGGCAGAAGG-3′.
Fractionation of mitochondria
Samples were harvested, rinsed with PBS, and were suspended in an isolation buffer (3 mM Hepes-KOH (pH 7.4), 0.21 M mannitol, 0.07 M sucrose, 0.2 mM EGTA) on ice. Then, homogenates were loaded on 0.34 M sucrose followed by centrifugation at 500×g. These steps were repeated for three times before centrifugation of supernatants at 10,000×g to extract mitochondrial fraction [31] . VDAC was used as the loading control for mitochondrial western blots.
mtDNA strand breaks detection
mtDNA strand breaks were measured based on our previous study [32] . In brief, mitochondrial suspension, isolated from treated cells, was centrifuged at 15 000 g at 4°C for 30 min. Then, sediment was incubated with 0.25 mmol/L inositol, 10 mmol/L Na 3 PO 4 , and 1 mmol/ L MgCl 2 at 4°C for 30 min (pH 7.2). Fluorometric analysis of DNA unwinding methods were reported by Birnboim and Jevcak [33] .
siRNA knockdown assay
Mouse Parkin siRNA was purchased from Santa Cruz Biotechnology. To knockdown Parkin expression, tubule cells were washed and incubated with 20 nM siRNA in an OptiMEM media (Life Technologies #31985070) supplemented with 1:50 Oligofectamine (Life Technologies #12252011) for 5 h. Cells were washed with PBS and were then incubated overnight with complete DMEM medium with 10% FBS [34] . The next day, cells were washed with PBS and were collected for experimentation. Western blot was used to verify the knockdown efficiency.
Adenovirus-mediated Drp1 overexpression
Construction of adenovirus vectors containing Drp1 was generated as our previously described [18, 35] . In brief, plasmids of pDC316-mCMV-Drp1 were designed and produced by the Shanghai GenePharma Co., Ltd. (Shanghai, China). Plasmids were transfected into 293 T cells using lipofectamine 2000. After transfection for 48 h, viral supernatant was collected and was filtered through a 0.45-lm filter to obtain adenovirus-Drp1 (Ad-Drp1). Thereafter, tubule cells were infected with Ad-Drp1 for 6 h at 37°C/5% CO 2 . The media were then replaced with fresh culture medium [36] . After 24-h culture, cells were washed with PBS and collected for experimentation. Western blot was used to evaluate the overexpression efficiency.
Mitochondrial potential and ROS staining
MitoSOX red mitochondrial superoxide indicator (M36008) and CellROX™ Green Reagent (C10444), purchased from Invitrogen, Inc., were used to stain mitochondrial ROS (mito-ROS) and cytoplasmic ROS (cyto-ROS), respectively. In brief, cells were stained with the MitoSOX red mitochondrial superoxide indicator for 30 min at 37°C/5% CO 2 in the dark. After rinsing with PBS, cells were labelled with a CellROX™ Green Reagent for 15 min at 37°C/5% CO 2 in the dark. Samples were subsequently washed with PBS to remove free probes. Nuclei were stained with DAPI. ROS quantification was performed through the fluorescence intensity of mito-ROS and cyto-ROS, based on our previous studies [37, 38] . Mitochondrial membrane potential was detected using the JC-1 assay (Invitrogen™, T3168) according to manufacturer's protocol [39, 40] . In brief, cells were washed with PBS and were then stained with JC-1 probe for 30 min at 37°C/5% CO 2 in the dark. Subsequently, PBS was used to remove free probes and images were captured under a Leica TCS SP5 II confocal spectral microscope. The red-to-green fluorescence ratio was employed to evaluate the changes in mitochondrial membrane potential. To determine immunofluorescence, the red/green immunosignals were converted into an average grayscale intensity which was subsequently analyzed using Image-Pro Plus 6.0 software.
Mitophagy detection and mPTP opening assay
Mt-Keima is a ratiometric pH-sensitive fluorescent probe that is targeted into the mitochondrial matrix. A low-ratio mt-Keima derived fluorescence (543/458 nm) reports neutral environment, whereas a high-ratio fluorescence reports acidic pH. Thus, mt-Keima enables differential imaging of mitochondria in the cytoplasm and mitochondria in acidic lysosomes. Mt-Keima probe (pMT-mKeima-Red, #AM-V-251, MBL Medical & Biological Laboratories Co., ltd. Woburn, MA) was transfected to cells at 37°C/5% CO 2 following the manufacturer's instructions [41] . Fluorescent images were captured using Leica TCS SP5 II confocal spectral microscope. Ratio (543/458 nm) of mt-Keima emission light were calculated as a value of mitophagy. mPTP was determined using an Image-IT™ LIVE Mitochondrial Transition Pore Assay Kit (Invitrogen™, Catalog #I35103). In brief, cells were washed with PBS and were then stained using Calcein at 37°C for 15 min in the dark. Subsequently, PBS was used to remove residual dyes to minimize background. Then, absorbance was recorded at 494 nm using a microplate reader (Epoch 2; BioTek Instruments, Inc., Winooski, VT, USA).
Confocal microscopy
For confocal microscopy, samples were fixed through 4% paraformaldehyde, permeabilized using 0.5% Triton X-100, blocked with 5% bovine serum albumin, and were then incubated with primary antibodies: Tom20, (mitochondrial antibody, 1:500, Abcam, #ab186734) and Ki67 (a proliferation marker, 1:100, Abcam, # ab15580), at 4°C overnight, followed by incubation with the appropriate secondary antibody. Nuclei were stained with DAPI prior to mounting. Confocal fluorescence images were captured using a Leica TCS SP5 II confocal spectral microscope. At least 200 mitochondria were used to evaluate the average mitochondrial length based on our previous studies [4, 10] . Besides, at least 100 cells were recorded to calculate the number of cells with fragmented mitochondria.
Pulse-chase analysis
Cells were radiolabeled with [35 S]-Met (100 mCi) for the indicated durations in normal culture condition. Following rinses with PBS, cells were chased in a complete DMEM medium with 10% FBS for the indicated durations [42] . Whole-cell lysates were immunoprecipitated with Protein G plus beads coated in the indicated antibodies. Precipitated proteins were eluted with a SDS-PAGE loading buffer and were analyzed through western blots.
Mitochondrial respiration and ETCs activity detection
Mitochondrial respiration was measured via analyzing the mitochondrial oxygen consumption rates (OCR), as our previously described [28] . In brief, cells were seeded at 40,000 cells/well on 96-well XFe96 cell culture microplates and were cultured for 48 h under an XFe96 extracellular flux analyzer (Agilent Technologies). For respiration assays, cells were incubated in a CO 2 -free environment for 1 h, and OCR was measured every 3 min over 90 min. First, OCR was quantified in basal conditions (20 mmol/L glucose), then 1 μmol/L oligomycin (ATP synthase inhibitor), next with 0.125 μmol/L FCCP (mitochondrial respiration uncoupler), and finally with 1 μmol/L rotenone/antimycin A (complex I and III inhibitors, respectively). Complex I Activity Assay Kit (ab109721) and Complex II Activity Assay Kit (ab109908), purchased from Abcam, were used to determine the activity of ETCs activity per manufacturer's protocol [43] .
Statistical analysis
Data are presented as means ± standard error (S.E.M). Using GraphPad Prism 5.0 software. Quantitative data were analyzed by t-test for the comparison between two groups and by ANOVA followed by Tukey post-test for comparison between multiple groups. P < 0.05 was considered statistically significant.
Results

Fundc1 mitophagy is induced by IPC via post-transcriptional modification at Ser17
To discern the role of Fundc1-mediated mitophagy in ischemic AKI, western blots were used to observe the alterations of p-Fundc1S17 over a 24-h post-IRI time frame. Moderate level of p-Fundc1S17 was found in renal cortex lysates at baseline ( Fig. 1A) . After IRI exposure, p-Fundc1S17 was overtly suppressed and its level was no longer detectable 6-h post-IRI, compared with the baseline levels ( Fig. 1A) . Interestingly, upon IPC treatment, p-Fundc1S17 was significantly increased from the baseline levels. Importantly, IPC substantially mitigated the inhibitory effect of IRI on p-Fundc1S17 and maintained p-Fundc1S17 level at near-baseline levels throughout IRI periods (Fig. 1A) . In comparison, other mitophagy-related protein, such as Parkin, was abundant at baseline ( Fig. 1A) . IRI caused a similar decline in Parkin, the level of which was almost undetectable 6-h post-IRI. IPC seemed to elicit a mild action on Parkin expression with no statistical difference reached in Parkin expression between IPC treatment and baseline condition ( Fig. 1A ). In addition, IPC failed to sustain Parkin during the IRI period. These results indicate that IRI stress significantly represses mitophagy signals including Fundc1 and Parkin whereas IPC primarily activates Fundc1. Other autophagy parameters such as LC3II was predictably downregulated in response to IRI stress ( Fig. 1A) , an effect that was followed by an accumulation of mitochondrial membrane protein (Tim23). In comparison with IRI group, IPC also maintained LC3II expression and reduced Tim23 to near-normal levels (Fig. 1A) . These data indicate that Fundc1-related mitophagy is inhibited at the stage of IRI and is stabilized by IPC.
To better clarify the causal role of Fundc1 in IPC-sustained mitophagy, proximal tubule-specific Fundc1 knockout (Fundc1PTKO) and littermate control (Fundc1f/f) mice were used. At the physiological condition, Fundc1 expression is abundant in tubule whereas it is sparse in glomeruli ( Supplemental Fig. 1B) . The knockdown efficiency of Fundc1PTKO was confirmed using Western blot in whole kidney tissues (Supplemental Fig. 1C ) and cortex lysates (Fig. 1B) . Similar to the above findings, IRI drastically suppressed p-Fundc1 and Parkin, leading to LC3II reduction and Tim23 accumulation (Fig. 1C ). IPC could primarily upregulate p-Fundc1 level rather than Parkin, an effect that was coincidentally followed by increased LC3II and decreased Tim23 (Fig. 1C ). Deletion of Fundc1 abolished IPC-stabilized p-Fundc1 level, resulting in LC3II downregulation and Tim23 accumulation (Fig. 1C ). In line with these observations, mitophagy index was also detected through mt-Keima assay in vitro using isolated primary tubule epithelial cells from Fundc1f/f and Fundc1PTKO mice in the absence or presence of the lysosomal inhibitor Baf-A1. As shown in Fig. 1D -E, although mitophagy was attenuated by mIRI, IPC could restore mitophagy activity in Fundc1f/f cells rather than Fundc1PTKO cells. These data indicate that Fundc1, mainly preserved by IPC, contributes to mitophagy preservation under renal IRI.
Notably, baseline deletion of Fundc1 had no influence of LC3II and Tim23 (Fig. 1C) . Interestingly, a compensatory increase in Parkin expression (Fig. 1C ) rather than Bnip3/Nix (Supplemental Fig. 1D ) was induced in response to baseline Fundc1 deficiency. Once silencing of Parkin in Fundc1-depleted cells, basal mitophagy was largely impaired (Supplemental Fig. 1E ), as evidenced by decreased LC3II and increased Tim23. These data suggest that baseline Fundc1 deletion activates Parkin and the latter compensates mitophagy activity. However, under IRI, both p-Fundc1 and Parkin were suppressed and thus mitophagy compensatory signal was absent in vivo ( Fig. 1C ) and in vitro (Supplemental Fig. 1E ). In contrast to IRI, IPC predominantly sustained p-Fundc1 to near-physiological levels and failed to interrupt IRI-mediated Parkin downregulation. Under this condition, Parkin-mediated compensatory mechanism was inactive and concurrent Fundc1 deletion blunted IPC-induced mitophagy, as evidenced by decreased LC3II and elevated Tim23 (Fig. 1C and Supplemental Fig. 1E ). This finding explains that Fundc1 deficiency primarily affects IPC-mediated mitophagy in kidney IRI.
IPC-preserved renal function is aggravated by Fundc1 deficiency
Next, contribution of Fundc1 mitophagy to renoprotection rendered by IPC was evaluated. Levels of BUN and creatinine (Cr) were significantly higher in IRI group when compared with the sham group ( Fig. 2A-B ). Along the same line, IRI overtly increased the expression of kidney injury molecule 1 (Kim1), the effects of which were mitigated by IPC treatment (Supplemental Figs. 2A-B) . These beneficial effects of IPC were attenuated in Fundc1PTKO mice. Besides, HE staining exhibited that IRI triggered tubular injury (Fig. 2C-D) and these structural damages were correlated with more TUNEL + apoptotic cells ( Fig. 2E-F) as well as increased Ki67 + proliferative cells (Supplemental Figs. 2C-D) . Interestingly, the IPC offered beneficial effects on IRI- It has been reported that inflammation response is associated with the severity of AKI [16] . Levels of inflammation factors such as Ccl2 and IL-6 were significantly elevated by IRI compared to that in the sham group, as evaluated through qPCR ( Fig. 2G-H) . However, IPC treatment inhibited the upregulation of inflammation factors; the effect of which was abolished in Fundc1PTKO mice. These data indicate that AKI-related renal injury and inflammation response are relieved by IPC in a Fundc1 mitophagy-dependent fashion.
Fundc1 ablation compromises IPC-sustained mitochondrial quality control
After mIRI, the content of double-strand mitochondrial DNA (mtDNA) was reduced whereas mIPC maintained mtDNA integrity in Fundc1f/f but not Fundc1PTKO tubule cells (Fig. 3A) . Structurally, mtDNA copy and transcription are fine-tuned by mtDNA genomic stability. However, mtDNA replication (Supplemental Fig. 3A ) and translation (Supplemental Figs. 3B-C) were significantly reduced by mIRI, but was mostly normalized by mIPC in Fundc1f/f cells rather than Fundc1PTKO cells. Functionally, mtDNA plays a pivotal role in encoding mitochondrial electron transport chain complexes (ETC). mIRI exposure inactivated ETC whereas mIPC reversed ETC activity in Fundc1f/f cells but to a lesser extent, in Fundc1PTKO cells (Supplemental Figs. 3D-E). Due to ETC dysfunction, ATP production ( Fig. 3B ) and mitochondrial respiration ( Fig. 3C-D) were inhibited whereas mitochondrial ROS (mito-ROS) and cytoplasmic ROS (cyto-ROS) were boosted in response to mIRI (Fig. 3E ). mIPC substantially restored ATP synthesis and effectively neutralized mito-and cyto-ROS overload, the effects of which were weakened by Fundc1 deletion. Other than energy metabolism, mitochondrial biogenesis, as assessed via the transcriptional levels of PGC1α and Sirt3, was significantly inhibited by mIRI and improved by mIPC in Fundc1f/f rather than Fundc1PTKO cells ( Fig. 3F-G) . These data support that mitochondrial quality control is likely handled by IPC through Fundc1-mediated mitophagy.
IPC-inhibited mitochondrial apoptosis is amplified by Fundc1 deficiency
Mitochondria damage triggers programmed cell death. Data from in vitro study revealed that mIRI provoked TUNEL apoptosis; the effect of which was mitigated by mIPC in Fundc1f/f cells but not Fundc1PTKO cells (Fig. 4A) . Interestingly, Z-VAD-FMK, an irreversible pan-caspase inhibitor, suppressed TUNEL apoptosis and largely "reversed" mIPCexerted anti-apoptotic effect in Fundc1PTKO cells (Fig. 4A) . Besides, results of mitochondrial potential dissipation (an early event of mitochondrial apoptosis, Fig. 4B -C) and mPTP opening (a late feature of mitochondrial death, Fig. 4D ) also supported that Fundc1 mitophagy was required for mIPC-mediated reconciliation of mitochondrial apoptosis.
To clarify whether non-mitochondrial apoptosis pathways, such as caspase-12-related endoplasmic reticulum apoptosis or caspase-8-invovled Fas death signal, were affected by Fundc1, we analyzed the activities of caspase-12/8. In Fig. 4E -F, caspase-12/8 was activated by IRI and inhibited by IPC in vivo whereas Fundc1 deficiency cannot interrupt IPC-mediated caspase-12/8 inhibition, suggesting non-mitochondrial apoptosis is unlikely handled by Fundc1. Besides, neither Z- ATAD-FMK (an inhibitor of caspase-12) nor Z-IETD-FMK (a caspase-8 blocker) could reverse IPC-mediated anti-apoptotic effect in Fundc1deleted cells (Fig. 4G ). However, Z-LEHD-FMK, a caspase-9 inhibitor, restored mIPC-induced pro-survival action in Fundc1-null cells (Fig. 4G) . Similar observations were made in vitro through TUNEL staining (Fig. 4H) . Thus, IPC is capable of blocking mitochondria-dependent or -independent apoptosis induced by renal IRI. Among the wide array of apoptotic signal, mitochondria-initiated death rather than non-mitochondria apoptosis seems to be regulated by IPC-induced Fundc1 mitophagy.
Hyperactivation of Drp1-related mitochondrial fission accounts for mitochondrial dysfunction induced by Fundc1 deficiency
Drp1-related mitochondrial fission is noted as an initial step to aggravate renal IRI [15] . Fundc1 mitophagy has been reported to suppress fission [4, 10] . Thus, we speculated that IPC-activated Fundc1 mitophagy regulates mitochondrial quality control and apoptosis through counteracting Drp1-related fission. In vitro, mitochondrial morphology staining demonstrated that mIRI resulted in the cleavage of mitochondria from an elongated network into small spheres or short rods (Fig. 5A) ; this effect of which could be inhibited by mIPC in Fundc1f/f rather than Fundc1PTKO cells. In vivo molecular investigation illustrated that both total Drp1 (t-Drp1) ( Fig. 5B ) and mitochondrial Drp1 (mito-Drp1) (Fig. 5C ) were upregulated and reduced by IRI and IPC, respectively. Interestingly, Fundc1 deletion provoked an accumulation of t-Drp1 and mito-Drp1 in IPC-treated kidney (Fig. 5B-C) . Of note, Drp1 transcript was analyzed and the result showed that, among the tested genes related to mitochondrial fission (including Drp1, Mff, Fis1, Mid49, Mid51), Drp1 transcript was upregulated to~two-fold in response to IRI (Supplemental Fig. 4 ). Nevertheless, IPC and/or Fundc1 deletion could not affect IRI-augmented Drp1 transcription, suggesting that IPC and Fundc1 might modulate Drp1 expression at the posttranscriptional level. Protein stability analysis using a pulse-chase assay exhibited that degradation rate of t-Drp1 was prolonged by mIRI and accelerated by mIPC (Fig. 5D) ; this effect was absent in Fundc1-deleted cells, suggesting that IPC-mediated Drp1 downregulation was due to its rapid degradation. Given a cardinal role of Fundc1 in promoting mitochondrial degradation, we questioned whether Fundc1-activated mitophagic degradation affected Drp1 stability. To this end, cells were treated with MG132 and BafA1 to inhibit proteasome and lysosome, respectively. In Fig. 5E , t-Drp1/mito-Drp1 downregulation was induced by mIPC and this effect could be reversed by BafA1 rather than MG132 in Fundc1f/f cells, hinting that mitochondria-located Drp1 and fragmented mitochondria are eliminated by IPC through the Fundc1mediated mitophagy-lysosomal degradation system. To test whether Drp1 inhibition may offset Fundc1 deficiency-induced mitochondrial quality defects, Fundc1-deleted cells were incubated with Mdivi-1. Mdivi-1 treatment had no regulatory effect on mitophagy activity under normal, mIRI and mIPC conditions (Supplemental Figs. 5A-B) , excluding the possibility that Drp1-related fission is required for Fundc1-related mitophagy. However, Mdivi-1 treatment alone attenuated mIRI-mediated mitochondrial damage ( Fig. 5F -G) and cell death (Supplemental Fig. 5C ). Importantly, Fundc1 deficiency-mediated mitochondrial membrane potential reduction ( Fig. 5F-G) 
Ablation Drp1 reveres renal dysfunction in Fundc1PTKO mice
To discern if hyper-activation of Drp1-related fission is involved in mitochondrial dysfunction and renal injury in Fundc1-deleted mice, we crossed Fundc1PTKO mice with Drp1f/f mice to generate proximal tubule-specific Fundc1/Drp1 double knockout (Fundc1/Drp1PTKO) mice.
The Drp1 knockout in proximal tubule was confirmed using western blots (Supplemental Figs. 6A-B ). Knockout Drp1 attenuated IRI-mediated renal dysfunction in vivo (Supplemental Figs. 6C-F) and tubule cell damage in vitro (Supplemental Figs. 6G-H) . Compared to the IRI group, IPC maintained renal function ( Fig. 6A-B ), attenuated proximal tubule damage ( Fig. 6C-D) , reduced tubule cells death (Fig. 6E-F ) and repressed inflammation response ( Fig. 6G-H) . However, IPC-mediated renoprotections were nullified in Fundc1PTKO mice and were restored via knock-outing Drp1 in Fundc1PTKO mice (Fig. 6A-H) . Altogether, our results highlighted that Fundc1 deficiency abrogates renoprotective action of IPC on IRI kidney whereas knock-outing Drp1 in the Fundc1PTKO background could correct IPC-afforded renal protection.
IPC activates Fundc1 through Ulk1 and Ulk1 ablation abolishes IPCmediated renoprotection
Lastly, to identify the signaling pathways responsible for the upregulation of Fundc1 mitophagy induced by IPC, we examined Ulk1 which was recently identified as an initial stimulus for Fundc1 phosphorylation under hypoxia exposure [8, 9] . Protein analysis illustrated that IRI repressed levels of Ulk1 and p-Fundc1S17 whereas IPC could upregulate their levels (Fig. 7A) . Interestingly, genetic ablation of Ulk1 inhibited IPC-mediated improvement of p-Fundc1S17 (Fig. 7A) , attributing an essential role for Ulk1 on Fundc1 phosphorylation especially under hypoxia condition. Further, Ulk1 deletion had no effect on basal Fig. 4 . IPC-mediated tubule survival is attenuated by Fundc1 deficiency due to activated mitochondrial apoptosis. (A) Primary tubule cells were isolated from Fundc1f/f and Fundc1PTKO mice. Cell death was evaluated using TUNEL assay. Z-VAD-FMK, an inhibitor of caspase-3, was incubated with tubule cells prior to mIRI procedure. (B-C) Mitochondrial potential was stained using JC-1 probe. Then, red-to-green fluorescence ratio was used to quantify mitochondrial potential. (D) mPTP opening rate was determined in response to Fundc1 deletion and/or mIPC treatment. (E-F) In vivo, kidney tissues were collected and the caspase-12/8 activities were measured via ELISA. (G) In vivo, Z-ATAD-FMK (an inhibitor of caspase-12), Z-IETD-FMK (a caspase-8 blocker), and Z-LEHD-FMK (an inhibitor of caspase-9) were injected into mice 24-h before IRI. Then, kidney tissues were isolated and activity of caspase-3 was measured using ELISA. (H) In vitro, cell death was measured using TUNEL staining. Z-ATAD-FMK, Z-IETD-FMK, and Z-LEHD-FMK were used to inhibit the activation of caspase-12, caspase-8 and caspase-9, respectively. Experiments were repeated at least three times and data are shown as mean ± SEM (n = 6 mice or 3 independent cell isolations per group). Fundc1 f/f mice in sham group or Fundc1 f/f tubule cells in control group were used as the normalizer for all the conditions. *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) mitophagy level whereas it impaired mIPC-mediated mitochondrial degradation, as assessed through the ratio of mt-Keima assay (Fig. 7B) . Similarly, baseline deletion of Ulk1 had no adverse effect on renal function, as assessed by histological staining (Fig. 7C ) and BUN/Cr levels ( Fig. 7D-E) . However, IPC-mediated renal protection was ineffective in Ulk1PTKO mice. Molecular scrutiny demonstrated that IPCameliorated mitochondrial apoptosis (Supplemental Fig. 7A ) and Drp1 fission (Supplemental Figs. 7B-C) were re-activated in Ulk1PTKO mice as a possible consequence of Fundc1 mitophagy inactivation. Finally, the molecular basis by which Ulk1 modulated Fundc1 was explored. Proteins interaction assay illustrated that Ulk1 was able to interact with Fundc1 in vitro (Supplemental Fig. 7D ) and in vivo (Supplemental Fig. 7E ), which was in accordance with the previous findings [8, 9] . In sum, our data uncover that IPC improves Fundc1 mitophagy via Ulk1, a core component for IPC-rendered renoprotection.
Discussion
Fundc1-mediated mitophagy was originally reported in hypoxic environment [44] . Later work unveiled critical roles of Fundc1 mitophagy in the rapid and precise reconstruction of mitochondrial quality and integrity [45] . In this study, we offered novel insights into a role for Fundc1 mitophagy in kidney ischemic preconditioning using an ischemic AKI model. Our results revealed for the first time that (1) Fundc1 mitophagy is activated in IPC-treated kidneys and loss of Fundc1 "inevitably" abolishes IPC-conferred kidney protection, denoting the obligatory role of Fundc1 mitophagy in IPC-associated renoprotection; (2) mechanistically, IPC requires Fundc1-activated mitophagy to degrade the mitochondria-localized Drp1, thereby eliminating IRI-activated fatal mitochondrial fission; (3) Fundc1 deficiency-mediated mitochondrial damage and therapeutic ineffectiveness of IPC could be reversed through simultaneous genetic ablation of Drp1, Experiments were repeated at least three times and data are shown as mean ± SEM (n = 6 mice or 3 independent cell isolations per group). Fundc1 f/f mice in sham group or Fundc1 f/f tubule cells in control group were used as the normalizer for all the conditions. *P < 0.05.
indicating the relationship between mitophagy and fission in kidney IPC; (4) finally, Ulk1 is required for IPC-mediated Fundc1 mitophagy and Ulk1 deletion hampers IPC-mediated preservation of mitochondrial and renal function (Fig. 7F ). This work has consolidated a pivotal role for Fundc1 mitophagy as the key molecular messenger for IPC-mediated kidney protection and the therapeutic potential of targeting the IPC-Ulk1-Fundc1-Drp1 axis in the clinical management of AKI.
Mitophagy is a complex process and regulated by receptor-dependent or -independent pathways. The former comprises of Fundc1 or Bnip3 whereas the latter is managed by Parkin. Based on our results, baseline Fundc1 deletion was associated with a compensatory upregulation of Parkin, rather than Bnip3 or Nix. Accordingly, mitophagy homeostasis was unaffected by Fundc1 deficiency unless both of Fundc1 and Parkin were removed simultaneously. This compensatory mechanism was previously proposed and verified by several in-depth studies [46] [47] [48] . For example, germ-line Parkin ablation in mice has proven not to be an ideal experimental model for mitophagy depletion, in part due to compensation from Mul1-mediated mitophagy under physiological states [46] . Besides, Bcl2 like 13 (BCL2L13) is the mammalian homologue of Atg32, the primary mitophagy receptor found in yeasts. BCL2L13 expression may somewhat compensate the basal mitophagy activity in Atg32-null yeasts [47] . Moreover, lack of mitophagy in Mfn2-knockout mice could be compensated by activation of nonselective autophagy under normal condition [48] . In fact, autophagyrelated compensatory mechanism was first described in Ulk1-knockout mice [49, 50] . Ulk1/2 serve as the key upstream inducers of autophagy through regulation of ATGs. However, mice lacking either Ulk1 or Ulk2 globally were viable without any notable defect in autophagy or development [51] . In comparison, mice lacking both Ulk1 and Ulk2 could not survive beyond 24 h of birth [49, 50] . Here, our data have provided convincing evidence that baseline mitophagy is governed by a complex molecular machinery and Fundc1 loss is backed by Parkin upregulation to sustain physiological mitophagy activity. Therefore, baseline Fundc1 deletion seems to display little impact on kidney function. This point receives supports from earlier work that baseline deletion of Fundc1 exhibited little pathological role in organ development and function including liver [52] , heart [4] , adipose [53] , and muscle [54] .
In response to IRI, data from our present study suggested that mitophagy parameters (e.g., Fundc1 and Parkin) were dramatically repressed. Although several studies argue that mitophagy (autophagy) is induced by IRI, a recent study using novel autophagy-reporter mice demonstrated that autophagy is inhibited within 24-h post-IRI with an augmented autophagy around 1-3d post-IRI [55] . This concept has been supported by recent reports that mitophagy is in fact inhibited in the setting of renal IRI [56, 57] . Several mechanisms may potentially contribute to the discrepancies in mitophagy (autophagy) activation/deactivation under IRI, including animal age [58] , species or strains [58] , and oxidative stress status [59] .
IPC has been proposed to be an inducer for mitophagy [2, 16] . In our hands, IPC required Ulk1 to turn on Fundc1, a phenomenon closely in line with the previous findings [8, 9] where hypoxia/ischemia preconditioning promoted the interaction between Ulk1 and Fundc1, accounting for IPC-induced Fundc1 phosphorylation and mitophagy upregulation. These data should explain the requirement of the Ulk1/ Fundc1 axis in regulating IPC-induced mitophagy although baseline deletion of Ulk1 or Fundc1 offers little effect on mitophagy. With pretreatment with IPC prior to IRI challenge, p-Fundc1 levels were sustained at near-normal levels whereas Parkin expression was reduced to undetectable levels. Under this setting, Parkin-mediated compensatory mechanism is inactive while Fundc1 is required for mitophagy preservation. These observations explain that: 1) baseline Fundc1 deletion has no obvious inhibitory action on mitophagy activity due to the existence of Parkin-mediated compensatory mechanism; 2) IPC primarily maintains p-Fundc1 expression and fails to interrupt IRI-mediated Parkin loss, and therefore, Fundc1 deletion abolishes IPC-mediated mitophagy activation.
Hyperactive or fatal fission is usually accompanied with mitochondrial fragmentation, respiratory defect, and mitochondrial apoptosis [60] . Besides, pharmacological inhibition of fission or genetic ablation of Drp1 could attenuate ischemic AKI [61] . Defects in mitophagy are known to prompt aberrant mitochondrial fragmentation throughout cytoplasm in acute spinal cord injury [62] , Parkinson's disease [63] , and heart ischemia burden [64] . Here, we found that mitochondria-localized Drp1 and fragmented mitochondria were eliminated through Fundc1-elicted mitophagic degradation. This is well exemplified by a recent study that Fundc1-HSC70 interaction promotes the mitochondrial translocation of the unfolded cytosolic proteins for degradation via lysosome [65] . Besides, other groups also found the critical role of mitophagy-lysosome degradative system in removing other mitochondria-located proteins such as Bnip3 [66] and Fis1 [65] . In contrast, several careful examinations also found degradation of mitochondrial fission-related proteins such as mitochondrial elongation factor 1 (MIEF1) [67] and mitofusin 1 (Mfn1) [68] through ubiquitinproteasome system (UPS). In fact, a set of complex interactions between mitophagic degradation and UPS have been extensively discussed [69, 70] and thus degradation pathway choice may be dependent on disease condition and specific pathological process.
Finally, our results revealed the role for Ulk1 as an upstream regulator for Fundc1 mitophagy in the face of IPC, in line with previous studies [8, 9] . Unlike autophagy, the molecular regulatory network of mitophagy remains elusive. To-date, three possible regulators have been identified for Fundc1 namely CK2α [4] , PGAM5 [45] and Ulk1 [8] . While Ischemia/hypoxia prefers to activate Fundc1 through Ulk1 signal, reperfusion/reoxygenation trends to suppress Fundc1 via CK2α. Fig. 7 . Ulk1 is an upstream regulator for Fundc1 mitophagy in response to IPC. (A) Ulk1f/f mice and proximal tubule-specific Ulk1 knockout (Ulk1PTKO) mice were subjected to IRI model (30-min ischemia and 24-h reperfusion) with or without IPC pretreatment. Then, proteins were isolated from kidneys and western blots were used to analyze the expression of Ulk1 and Fundc1. (B) Primary tubule cells were isolated from Ulk1f/f and Ulk1PTKO mice and were subject to mimicked IPC (mIPC) and/or mimicked IRI (mIRI) using rotenone-mediated nutrient deprivation. mt-Kemia assay was used to evaluate mitophagy index via analyzing the ratio of 534/458 nm. (C) HE staining for reperfused kidneys. (D-E) After IRI, levels of BUN and Cr were determined. (F) Schematic diagram depicting IRI-induced renal damage and the role of Fundc1 mitophagy in IPC-mediated renoprotection through reducing Drp1-related mitochondrial fission. Experiments were repeated at least three times and data are shown as mean ± SEM (n = 6 mice or 3 independent cell isolations per group). Ulk1f/f mice in sham group or Ulk1f/f tubule cells in control group were used as the normalizer for all the conditions. *P < 0.05.
Additional experiments are necessary to better explain whether Ulk1 downregulation or CK2α upregulation would participate in the IRImediated Fundc1 inactivation and mitophagy inhibition. Meanwhile, other phosphorylation sites do exist for Fundc1 including Ser13 and Tyr18 while the precise roles of these post-transcriptional modification modalities remain to be elucidated for Fundc1 in AKI-induced pathology.
Several experimental limitations should be considered for the present study. First and foremost, cell death was found to be partially attenuated by IPC and/or Z-VAD-FMK, indicating contribution from nonapoptotic pathways such as necroptosis in IRI kidney. Nonetheless, the casual relationship between Fundc1 and necroptosis remains futile. Second, further attempts using various autophagy-monitored mice should be desirable to obtain a more complete picture with regards to alterations and roles of mitophagy in our experimental setting of IRI kidney. In conclusion, data from our present study have convincingly demonstrated that IPC-mediated renoprotection is managed by Fundc1 mitophagy, a compensatory mechanism to prevent fission execution, and sustain mitochondrial homeostasis, ultimately conferring renoprotective effect.
